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382 The Journal of Thoracic and CardioObjectives: It has been proposed that successful left ventricular surgical restoration
should restore normal helical myofiber orientation. A magnetic resonance imaging
technique, magnetic resonance diffusion tensor imaging, has been developed to
measure myocyte orientation. By using magnetic resonance diffusion tensor imag-
ing, this study tested the hypothesis that (1) myocyte orientation is altered after
anteroapical myocardial infarction and (2) left ventricular surgical restoration re-
stores normal helix angles.
Methods: Thirteen sheep underwent anteroapical myocardial infarction (25% of left
ventricular mass). Ten weeks later, animals underwent either aneurysm plication (n
 8) or sham operations (n 5). Six weeks after this operation, hearts were excised,
perfusion fixed in diastole, and underwent magnetic resonance diffusion tensor
imaging. Hearts from normal sheep (n  5) were also harvested and imaged.
Primary eigenvectors of the diffusion tensors from magnetic resonance diffusion
tensor imaging were resolved into helix angles relative to a local wall coordinate
system. Transmural samples of the helix angles were compared at the border zone
of the aneurysm or repair (or a comparable distance from the base in normal sheep),
1 cm below the valves, and halfway between.
Results: The helical myofiber orientation did not change after myocardial infarction.
However, aneurysm plication caused myofibers in the anterior border zone to rotate
counterclockwise (35.6  10.5°, P  .028) and those in the lateral border zone to
rotate clockwise (34.4  8.1°, P  .031).
Conclusions: Surgical restoration alters myocyte orientation adjacent to the surgical
repair. However, myofiber orientation is not abnormal after myocardial infarction,
and thus surgical restoration techniques intent on restoring normal helix angles
might not be warranted.
The heart is a complex biologic pump in part because of the orienta-tion of myocytes in the ventricular wall. The orientation of myofiberswas first quantified by Streeter and coworkers,1 who, by viewingtangential histologic slices through the ventricular wall, showed asmooth transition in the orientation of myocytes from a left-handedhelix at the epicardium to a right-handed helix at the endocardium.
Other studies have confirmed their results in different species.2,3 This helical fiber
orientation (helix angle; Figure 1) augments the pumping capabilities of the left
ventricle (LV). Mathematic simulations have shown that a myofiber orientation,
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Psuch as that reported by Streeter and coworkers,1 minimizes
stress gradients,4 results in uniform strain,5 and optimizes
the ejection fraction.6
As an alternative to laborious histologic sectioning to
determine myofiber orientation, recent advances in mag-
netic resonance imaging now allow rapid and nondestruc-
tive assessment of muscle fiber orientation throughout the
entire heart. Magnetic resonance diffusion tensor imaging
(MR-DTI) exploits the anisotropic diffusion of water
through ordered tissues. This method has accurately corre-
lated the fastest direction of water diffusion with the histo-
logically measured myofiber helix angles in normally per-
fused, formalin-fixed, and infarcted myocardium.7-10
Already this technique has been used to thoroughly map the
fiber orientation in the normal LVs of a rabbit and goat11,12
and in rats with myocardial infarctions (MIs).10 Before the
advent of MR-DTI, the most thorough fiber angle study
gathered 12,000 angle measurements in both ventricles of
one normal rabbit.2 With MR-DTI, the current study yielded
more than 200,000 helix angle measurements in the LV in
Figure 1. Illustration of the helix angle (H). The prima
was projected onto the local epicardial tangent plane
and the local circumferential direction.each of 18 hearts. Consequently, subtle differences have
The Journal of Thoracibeen elucidated in this study that could not be detected with
previous histologic studies.
Recently, it has been proposed that myofiber helix angles
in the LV rotate from oblique directions (ie, not circumfer-
ential or longitudinal) to more circumferential directions as
the LV dilates during the progression of heart failure. It is
also proposed that a beneficial surgical restoration of the
dilated LV will restore myofibers in the diseased ventricle to
a normal, oblique orientation.13-16 However, data support-
ing these claims are lacking. Previous histologic studies
have shown no significant difference in the helix angles
between normal and hypertrophied hearts,17,18 and Chen
and colleagues10 reported no significant change in helix
angles after infarction in the rat.
The present study used a sheep model of LV aneurysm.
This animal model has been previously reported to have a
highly reproducible anteroapical infarct of 22.9%  2.5%
of the total LV mass,19 with adverse remodeling of the LV
to approximately 3 times normal end-systolic volume by 10
weeks after infarction.20 Infarct plication in this model
envector of the diffusion tensor obtained from MR-DTI
helix angle was calculated relative to this projectionry eig
. Thedecreases LV volume and compliance and increases elas-
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the Starling relationship are unchanged.20 Using this model,
we tested the hypotheses that (1) myocyte orientation is
altered after anteroapical MI and (2) surgical LV restoration
restores normal (preinfarction) myofiber orientation.
Methods
Animals used in this study were treated in compliance with the
“Guide for the Care and Use of Laboratory Animals” prepared by
the Institute of Laboratory Animal Resources, National Research
Council, and published by the National Academy Press, revised
1996.
Myocardial Infarction
Thirteen adult sheep underwent anteroapical MI. Castrated male
Dorsett Sheep (40-50 kg) were anesthetized (ketamine, 33 mg/kg
administered intramuscularly, and isoflurane maintenance [2%-4%
inspired]) and mechanically ventilated (tidal volume, 20 mL/kg;
model 309-0612-800, Ohio Medical Products, Madison, Wis).
During a left thoracotomy, ligatures were placed around the left
anterior descending and second left anterior descending diagonal
coronary arteries at a point 40% of the distance from the apex to
the base and sequentially tightened, causing an anteroapical MI, as
previously described.19 When present, branches of the posterior
descending artery which also perfused this region were ligated
20% of the distance from the apex to the base. The thoracotomy
was closed, and the sheep recovered from anesthesia.
Aneurysm Plication
In 13 sheep a partial lower sternotomy was performed after
achievement of general anesthesia. Pericardial adhesions were
divided. In 8 animals (13.4  2.3 weeks after MI) aneurysm
plication was performed without cardiopulmonary bypass. The
transition between infarcted aneurysm and uninfarcted myocar-
dium was palpated, and the LV aneurysm was plicated between 2
strips of Dacron felt. Polypropylene sutures (2-0 Prolene, MH
needle; Ethicon Inc, Sommerville, NJ) were passed through the
felt, through and through the aneurysm at its border, and through
the opposite strip of felt in a horizontal mattress fashion. The
sternotomy was closed, and the sheep recovered from anesthesia.
Aneurysm plication was performed in each case by the same
experienced cardiac surgeon. The remaining 5 animals (15.2 1.0
weeks after MI) served as sham-operated control animals. The
procedure was similar, except the aneurysm was not plicated.
Approximately 10 weeks after the operation, anesthesia was
induced, and a median sternotomy was performed. The heart was
excised and retrograde perfused through the aorta first with 500
mL of cold (0°C-5°C) cardioplegia (11 mmol/L NaCl, 10 mmol/L
NaHCO3, 16 mmol/L KCl, 16 mmol/L MgSO4 · 7 H2O, and 1.2
mmol/L CaCl2) and second with 500 mL of cold (0°C-5°C) bu-
tanedione monoxime solution (BDM solution; 127 mmol/L NaCl,
1.3 mmol/L KH2PO4, 0.6 mmol/L MgSO4 · 7 H2O, 25 mmol/L
NaHCO3, 2.3 mmol/L KCl, 11.2 mmol/L dextrose, 30 mmol/L 2,3
butanedione monoxime, and 2.5 mmol/L CaCl2). Last, the heart
was perfusion fixed with 500 mL of formalin and stored in for-
malin until it was imaged. An additional 5 hearts were harvested
from normal adult sheep and prepared the same way.
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Imaging experiments were conducted on a 2.0 T MR instrument
(Oxford Instruments, Oxford, United Kingdom) equipped with
shielded gradients (18 G/cm) and a Signa console (Epic 5X;
General Electric Medical Systems, Milwaukee, Wis). The intact
heart was placed inside a 10-cm-diameter solenoidal radiofre-
quency coil, with the long axis of the heart parallel to the coil axis.
A diffusion-weighted spin-echo pulse sequence was used to ac-
quire 3-dimensional volume images (10  10  10 cm field of
view, 500-ms time to repetition, 27.288-ms time to echo, and 1
signal average), with diffusion encoding by using a pair of half-
sine gradient pulses (10-ms width separated by 15 ms, nominal
gradient magnitude of 18 G/cm). The DTI dataset consisted of a b0
(b  0) and diffusion-weighted images encoded in each of an
optimized set of 12 directions.21 A reduced-encoding imaging22
methodology was used to accelerate the DTI acquisition, where the
b0 and diffusion-weighted images were scanned with 256  128
 128 (readout  phase  slice directions) and 256  64  64
matrix sizes, respectively. The total acquisition time for the com-
plete DTI dataset was approximately 9.1 hours. In postprocessing
the diffusion-weighted images were reconstructed to 256 128
128 matrix size through a constrained keyhole method, as de-
scribed previously.22 Diffusion tensors were calculated and diago-
nalized offline on a pixel-by-pixel basis by using nonlinear least-
squares curve fitting, as in Hsu and colleagues,7 according to the
signal intensity attenuation equation:
ATE exp uTDu20
TE 0
t
G()d2dt (1)
where t  TE is the time to echo, G is the time-varying magnetic
field gradient,  is the spin gyromagnetic constant, u is the unit
vector in the diffusion-encoding direction, and D is the diagonal-
ized diffusion tensor matrix. The eigenvector corresponding to the
largest ranked diffusion tensor eigenvalue was taken to be the fiber
orientation.
Angle Calculations
After imaging, the epicardium and endocardium of the LV were
manually contoured in both long-axis and short-axis slices from
the level of the valves to the apex, visually excluding the papillary
muscles. Similar to the method used by Geerts and associates,11
the long axis of the LV was determined by using least-squares
regression. This axis was fit through the centroids of epicardial
contours in short-axis slices between the valves and either the
aneurysm or the site of repair. A cylindrical-polar grid spaced 1
mm longitudinally and 2.5° circumferentially relative to this axis
was then fit in its radial coordinate to the contours by using a
Delaunay triangulation of contour points, thus forming the epicar-
dial and endocardial surfaces (Figure 2).
After forming the chamber surfaces, a local wall coordinate
system was established for each eigenvector as the nearest epicar-
dial mesh point. Following the method of Scollan and coworkers8
(see Figure 2 in Scollan and coworkers’ article), the eigenvector
was projected onto the local epicardial plane, and the helix angle
was calculated between the projection and a circumferential line of
latitude (Figure 1).
uary 2005
Walker et al Cardiopulmonary Support and Physiology
CS
PComparisons and Statistics
Virtual myocardial samples 5 mm tall and 10° wide at the epicar-
dium were taken every 15° around the circumference of the LV
beginning at the anterior right ventricular insertion and going
counterclockwise as viewed from the base. This was done in 3
different regions: border zone (BZ), equatorial, and basal. The first
region followed the BZ around the LV, with the BZ defined on the
aneurysmal hearts where the myocardium thinned rapidly from
normal (ie, 10 mm thick to 7 mm thick; Figure 2, B). The BZ
in the plicated hearts was defined as abutting the surgical repair in
the LV free wall or the remaining aneurysm in the septal wall
(Figure 2, C). In normal hearts the BZ was defined by the mean
distance from the base of BZ samples from the same circumfer-
ential location in aneurysmal hearts (Figure 2, A). The basal region
was defined as a region of normal wall thickness approximately 1
cm below the base. The base was determined as the level of the
valves by means of visual inspection from 3 orthogonal magnetic
resonance imaging (MRI) views. Equatorial samples were defined
as half-way between the BZ and base samples. In total, there were
24 samples taken from each of 3 longitudinal locations for a total
of 72 samples from each LV.
The helix angles in each sample were broken into deciles
through the wall (Figure 3). Visual inspection of the data suggested
that changes in helix angles were uniform through the LV wall
(Figure 3, A; parallel shift). To test the statistical significance of
this parallel shift in helix angles at each location, deciles were
averaged across the wall in each animal, and groups were com-
pared by using the Student t test (Figure 4). Thus there were 72
regions (24 at each longitudinal location), each of which received
a t test. With 72 regions compared, multiple-comparison correc-
tions would have made any statistical test a prohibitively high
barrier. In addition, these large animal models are time consuming
and extremely expensive. Therefore to keep the statistical test as
sensitive as possible, no multiple-comparison corrections were
applied. Meanwhile, statistical significance was interpreted cau-
Figure 2. False-color wall-thickness plots rendered on
repaired (C) LVs. The infarcted heart contains a thin ap
Gray slices are serial MRI slices and indicate the lo
transmural helix angle samples were taken from th
foreshortened because the aneurysm is collapsed and a
testing. Color-scale units are in millimeters.tiously.
The Journal of ThoraciUnless otherwise noted, all data are presented as means  SD.
Results
As shown in Figure 2, the surface reconstruction used for
the local angle calculations reproduced well the images
obtained from MRI. From the false-color wall-thickness
plots, an abrupt transition from normal myocardium to
aneurysm is apparent in the thin apical region (Figure 2, B).
Also shown are the basal, equatorial, and BZ regions sam-
pled (top to bottom, respectively). Note that the post-MI
image (Figure 2, B) appears foreshortened because aneu-
rysm tissue was removed for mechanical testing before
MR-DTI, and the thin aneurysm is not inflated. Note that the
remaining blue (ie, thin) area in the postplication heart
(Figure 2, C) is in the septum, which was not included in
this type of repair.
The smooth transition of helix angles from epicardium to
endocardium quantified by Streeter and coworkers1 can be
seen in the false-color helix angle maps in Figure 5. The
geometry at the apex is noticeably different after infarction
(Figure 5, B) and surgical intervention (Figure 5, C). Never-
theless, the organization of myofibers in the myocardium
shows the same general trend, with a transition from a
negative helix angle at the epicardium to a positive helix
angle at the endocardium in all 3 groups.
With closer inspection of regions near the site of the
operation, a significant change in fiber angles was seen.
Specifically, at the anterior BZ, the helix angle rotated
counterclockwise after the operation (31.6  7.1°, P 
.028; Figure 3, A-I). An equally significant but opposite
rotation (ie, clockwise) was seen at the lateral BZ (34.4 
epicardium in normal (A), infarcted (B), and surgically
aneurysm (B) that is surgically eliminated in panel C.
n of the right ventricle. White patches show where
hearts. Note that in panel B the ventricle appears
tion of the aneurysm has been removed for mechanicalthe
ical
catio
ese
por8.1°, P  .031; Figure 3, A-II). In regions distal from the
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base (C). Notice the rotation of the helix angles between the surgically repaired and infarcted groups at the BZ.
This trend is less distinct at the equatorial region and almost disappears at the basal region.
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PFigure 4. Differences in helix angles between groups are plotted around the circumference of the LV in the BZ (A),
equatorial (B), and basal (C) regions: I, postinfarction versus normal; II, postplication versus infarction. Statistically
significant P values (P < .05) are posted along the x-axis. ns, Not significant. The operation significantly altered
the helix angles in limited locations immediately adjacent to the repair (A-II). In general, the helix angle was not
statistically different from normal after infarction or after the repair.
The Journal of Thoracic and Cardiovascular Surgery ● Volume 129, Number 2 387
Cardiopulmonary Support and Physiology Walker et al
CSPinfarct, this rotation of the helix angles is less pronounced in
the equatorial region (anterior: 19.6  10.1°, P  .032,
Figure 3, B-I; lateral: 7.7 1.9°, P not significant, Figure
3, B-II), and almost disappears in the basal region (anterior:
8.2 3.4°, P not significant, Figure 3, C-I; lateral: 11.5
 8.2°, P  not significant, Figure 3, C-II). Along the BZ
between these 2 sites, there was a smooth transition in the
difference between the helix angles (Figure 4, A-II). In the
equatorial and basal regions distal from the infarct, the same
trend of the rotation of the helix angles was displayed after
the operation (Figure 4, B-II and C-II). Going further around
the ventricle, no significant differences were seen in the
posterior or septal walls.
Figure 4 shows the difference between the groups, with
underlying P values listed if significant. Comparing aneu-
rysmal with normal hearts, only one significant region ap-
peared over all 72 regions; in general, there was no differ-
ence.
Discussion
In summary, the helical myofiber orientation did not change
after MI. Of 72 locations compared after MI with normal
hearts, only one region was statistically significant (Figure
4, A-I), but even if there were no differences between the 2
groups, we would expect 3 or more regions to result in P
values of less than .05 by chance. Therefore we consider
this to be a false-positive result. This finding of no change
in the helix angles after MI confirms results from previous
studies that showed no significant alteration of the helix
angles in hypertrophic17,18 and infarcted hearts.10 Thus the
hypothesis that dilated and diseased ventricles have abnor-
mal helical myofiber architecture does not seem valid (Fig-
ure 4, I). Because there is not an abnormal alteration of helix
angles after infarction, ventricular restoration operations
intent on restoring a normal, helical myofiber architecture
Figure 5. False-color helix angle maps showing helix
(right) walls in the normal (A), infarcted (B), and surgi
a negative helix angle at the epicardium to a positive
degrees.might not be warranted.
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the anterior BZ to rotate counterclockwise and those in the
lateral BZ to rotate clockwise. Although not statistically
significant in all regions, the pattern in the shift of the helix
angles after the operation in the BZ repeated in the more
distal equatorial and remote regions (Figure 4, B-II and
C-II). Also, in this postplication versus post-MI compari-
son, 6 sites of statistical significance arose, and all were
clustered around the location of the operation, where we
would expect changes to be found if any existed (Figure 4,
A-II and B-II). Therefore because the regions of statistical
significance were clustered near the site of the operation and
the pattern continued distal from the repair, we accept this
finding as valid. This result shows that surgical intervention
can alter the helix angles in regions adjacent to the repair,
and thus this finding should be considered in the design of
surgical restoration procedures.
Implications for Regional Mechanics
Mathematic models of the LV have demonstrated that a
change in myofiber helix angles will have a profound effect
on cardiac mechanics.5,23 Passive myocardium is known to
be stiffest in the direction of the myofiber.4 In a cylindrical
model of passive myocardium, the endocardial myofiber
angle dominated diastolic mechanics; oblique fiber angles
lead to greater ventricular twist.4 During active contraction,
because of its larger moment arm, the epicardial myofiber
angle dominates systolic contraction.6 In the present study
myofibers in the anterior BZ in the infarcted hearts were
circumferential at the epicardium and longitudinal at the
endocardium (Figure 3, A-I). Consequently, during diastole,
we would expect less longitudinal stretch, more circumfer-
ential stretch, and limited twist in this region. The reverse
deformation would be expected during systole. In the pli-
es in a cutaway view of the anterior (left) and lateral
repaired (C) LVs. All groups exhibit a similar trend of
ix angle at the endocardium. Color-scale units are inangl
cally
helcated hearts myofibers were oblique at the epicardium and
uary 2005
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Pendocardium and circumferential at the midwall at this
location. During diastole, then, we would expect more lon-
gitudinal stretch, less circumferential stretch, and greater
twist in this region relative to the infarcted hearts. Because
this helix angle pattern reversed at the lateral BZ, we would
expect the opposite effect in this region. MRI tagging stud-
ies24 and finite element analysis25 should be able to confirm
or reject this hypothesis.
As far as global LV performance, the effect of this
rotation of the helix angles in the BZ after surgical inter-
vention is too complex to predict; this is because the myo-
fiber orientation varied regionally, and the geometry in
these hearts was drastically changed by the intervention.
Incorporating this helix angle data into a complex finite
element analysis should allow wall stress and LV perfor-
mance, as defined by the Starling relationship, to be com-
puted.25
Other Possible Mechanisms
Similar to what we observed at the anterior and lateral BZs,
Weis and associates26 reported a global rotation of helix
angles in collagen-defective mice. They reported a 23°
clockwise rotation of the myofibers from collagen-defective
to wild-type mice. Although the animal models were dif-
ferent (normal adult sheep and collagen-deficient mice), the
similar results suggest that rotation of myofibers might
partially be related to collagen remodeling in the myocar-
dium after aneurysm plication. Enzymes such as matrix
metalloproteinases and their enzymatic counterpart, tissue
inhibitors of metalloproteinases, that regulate the collage-
nous extracellular matrix are known to be altered after an
infarction.27 Therefore it is of interest whether these en-
zymes are involved in alterations to the extracellular matrix,
which allow the myocytes to reorient along stress or strain
gradients. Finite element analysis should allow the calcula-
tion of mechanical gradients.
Limitations
Although the surgical ventricular restoration procedure used
in this study was aneurysm plication, variations of this
procedure, such as the Dor and SAVER16 operations, have
been developed to restore a more normal ventricular geom-
etry. However, we hypothesized that if there was any
change in fiber angle after surgical ventricular restoration, it
would be seen most dramatically after aneurysm plication.
In future studies (currently being pursued in our laboratory)
on the Dor and SAVER procedures, it will be interesting to
see whether the localized fiber angle changes near the
anterior and lateral BZs reported here will also be present
after these less severe shape changes.
The ovine LV aneurysm model is not a good model of
the diffuse global disease generally leading to congestive
heart failure. To our knowledge, though, there is no good
The Journal of Thoracianimal model of this diffuse global disease. Gorman and
colleagues28 and Moainie and associates29 have recently
developed 2 other infarct models in sheep. Of additional
interest, then, would be comparing the results of the present
study in ovine hearts with anterobasal29 or posterior in-
farcts.28 Also of interest would be allowing the ventricle to
dilate for a longer time before surgical intervention. How-
ever, previous studies with this animal model have shown
the LV to dilate to approximately 3 times normal end-
systolic volume by 10 weeks after infarction20; keeping
experimental animals alive for even longer would be expen-
sive.
Given the distortion that occurs as a result of remodeling,
the technique for locating the BZ area in the normal sheep
is questionable. For example, 5 cm from the base in a
remodeled heart is not the same spot as in a normal heart.
The analysis was repeated with BZ samples on the normal
hearts shifted 10 mm toward the base and again 10 mm
toward the apex to address this issue. The 20 mm covered
by this resampling analysis spans the approximately
4.5-mm long-axis length change reported previously in this
ovine model20 and therefore most likely contains the same
spot as the sham hearts. In all 3 cases the results remained
the same (data not shown).
This represents the first study to apply MR-DTI to a large
animal model of LV aneurysm and surgical restoration.
Because of motion complications currently hindering high-
resolution in vivo MR-DTI,30 this study of necessity com-
pared fiber angles in excised hearts; the relevance of dead,
noncontracting muscle fibers to the 3-dimensional contrac-
tion of the heart is completely unknown. Despite this ex
vivo limitation, fiber angles were compared with all 3
groups in the same state. Studies on inflated hearts (before
fixation) that better reflect in vivo geometry might be worth-
while in the future.
Differences from Previous Methods
Similar to the method proposed by Scollan and coworkers,8
we used a localized coordinate system to calculate the helix
angles. However, because of the irregular geometry in these
diseased hearts, we needed to reconstruct the entire epicar-
dium. The helix angle is defined relative to the epicardial
tangent plane, and consequently, the formation of that plane
will affect the results. The epicardial tangent plane used by
Scollan and coworkers was transverse to the imaging
plane.8,12 This choice of the tangent plane limited the ac-
curacy of their angle calculations in ventricular regions in
which the epicardium was not perpendicular to the imaging
plane. By computing angles relative to a reconstructed epi-
cardium, we were able to explore regions on these irregular
LVs that would not be accurately explored with previous
methods.
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The helix angle does not change significantly after MI, and
thus the pursuit of myofiber helix angle restoration with LV
surgical restoration does not appear to be warranted. How-
ever, LV surgical restoration changes the helical myofiber
direction localized near the site of the operation. This find-
ing should be considered in the design of LV surgical
restoration procedures.
We thank Dr Charles McCulloch, Professor and Head, Division
of Biostatistics, University of California San Francisco, for his
insightful guidance on the statistical analysis used in this study.
We also thank Jason Hong for preparation of Figure 1.
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